Introduction {#section1-0963689719880543}
============

Injured peripheral nerves generally have difficulty in regenerating and patients are often left with long-lasting neural deficits^[@bibr1-0963689719880543][@bibr2-0963689719880543][@bibr3-0963689719880543][@bibr4-0963689719880543][@bibr5-0963689719880543]--[@bibr6-0963689719880543]^. Peripheral nerve injuries commonly occur as part of trauma or iatrogenically during excision or removal of an adjacent lesion. With the recent interest in vascularized composite allotransplantation, that is, transplantation of a whole limb, the face, or the abdominal wall^[@bibr7-0963689719880543][@bibr8-0963689719880543]--[@bibr9-0963689719880543]^ to restore function and appearance, the recovery of repairing peripheral nerves becomes crucial for restoration of good graft function^[@bibr10-0963689719880543][@bibr11-0963689719880543][@bibr12-0963689719880543][@bibr13-0963689719880543]--[@bibr14-0963689719880543]^. Of the various types of nerve injury, complete transection has the worst outcome for regeneration. When reinnervation of the transected peripheral nerve is delayed or poor, the motor endplates of the target muscles degenerate, resulting in muscle atrophy that can affect the function of the limb^[@bibr15-0963689719880543][@bibr16-0963689719880543][@bibr17-0963689719880543][@bibr18-0963689719880543]--[@bibr19-0963689719880543]^. Early and effective repair of the injured peripheral nerves allows optimal regeneration and hence is crucial to preserving limb function.

Recent interest in the mesenchymal stem cells (MSC) and their multipotent potential has led to an expansion in research involving regeneration of tissue^[@bibr20-0963689719880543]^, in particular, the umbilical cord and Wharton's jelly-derived MSC^[@bibr21-0963689719880543],[@bibr22-0963689719880543]^. Wharton's jelly of the umbilical cord contains mucoid connective tissue and fibroblast-like cells, among which MSC can be identified and isolated. It has been shown that these MSC can be differentiated into cells of various lineages^[@bibr23-0963689719880543]^. Human Wharton's jelly-derived MSC (hWJ-MSC) have also demonstrated low immunogenicity^[@bibr24-0963689719880543],[@bibr25-0963689719880543]^, making them ideal for use in cell therapeutics. Several studies have demonstrated the efficacy of human adipocyte-derived stem cells (hADSC) in improving peripheral nerve regeneration. Therefore, we used hADSC as a positive control in this study to compare with hWJ-MSC^[@bibr26-0963689719880543][@bibr27-0963689719880543][@bibr28-0963689719880543]--[@bibr29-0963689719880543]^.

This study examined the direct effects of hWJ-MSC on nerve regeneration in a mouse model of simple transection mimicking that commonly encountered in clinical practice. Provided hWJ-MSC can be demonstrated in animal models to augment directly the recovery of peripheral nerves, their use in humans would be ideal. To our knowledge, this study is the first to examine the possibility of using hWJ-MSC to enhance peripheral nerve regeneration in a mouse model of complete transection and repair of the sciatic nerve.

Materials and Methods {#section2-0963689719880543}
=====================

Mice {#section3-0963689719880543}
----

All procedures carried out in the study were fully compliant with the recommendations stipulated by the Guide for the Care and Use of Laboratory Animals (Chang Gung Memorial Hospital Animal Research Guidelines). Animal protocols were approved by the Committee on the Ethics of Animal Experiments of the Chang Gung Memorial Hospital (CGMH) in Taiwan and Institutional Animal Care and Use Committees (IACUC) of CGMH in Taiwan under permit numbers IACUC 2016011903, IACUC 2016031109, IACUC 2017121001, IACUC 2018080701. The 6--8-week-old BALB/c mice used in our study were purchased from the National Laboratory Animal Center, Taiwan. The mice were cared for in an enriched environment with an abundance of nesting material. The mice were monitored daily, and any mice showing a drop in weight or displaying the inability to seek food or other signs of illness were euthanized.

Culture of hWJ-MSC and hADSC {#section4-0963689719880543}
----------------------------

Dr. Hsin-Hsin Shen from the Industrial Technology Research Institute of Taiwan (ITRI) provided hWJ-MSC and hADSC that had been purchased from the Food Industry Research Development Institute and ScienCell Research Laboratories, respectively. The stem cells were maintained in a humidified chamber at 37°C and 5% CO~2~ in SF1 hMSC medium (Unimed Healthcare Inc., Taipei, Taiwan) and maintained until 80% confluent. For cell passage, cells were washed with phosphate-buffered saline (PBS) then treated with trypsin (TrypLE^TM^ Select; Thermo Fisher Scientific, Waltham, MA, USA). Trypsin was inactivated by addition of SF1 hMSC medium and cells were centrifuged at 1200 rpm for 5 min. Cell viability was evaluated using the trypan blue exclusion method.

Mouse Sciatic Nerve Transection Model {#section5-0963689719880543}
-------------------------------------

The sciatic nerves of mice were surgically transected as described previously^[@bibr30-0963689719880543],[@bibr31-0963689719880543]^. Mice were anesthetized with inhaled isoflurane and the entire hindlimb of the mouse was shaved and cleaned with 75% methyl ethanol. A longitudinal incision was then made in the skin directly over the course of the sciatic nerve. The plane between the gluteal muscles was then exposed by blunt dissection. The sciatic nerve was identified and divided 1 cm proximal to the trifurcation of the nerve. Epineural repair of the nerve was performed under an operative microscope with 25× magnification using four evenly spaced 10-0 nylon sutures.

Topical Administration of MSC and Buffer Control {#section6-0963689719880543}
------------------------------------------------

After division and coaptation of the sciatic nerve, a suspension of hWJ-MSC, hADSC, or buffer negative control was added to the space created in the musculature. The same volume (50 µl) and number of cells (5 × 10^5^) were added in each mouse, as shown in [Figs 1](#fig1-0963689719880543){ref-type="fig"} and [2](#fig2-0963689719880543){ref-type="fig"}. The negative control group had PBS added alone without any cells. The skin was then sutured closed and restored to its appropriate anatomical state. There were no transection of nerves and administration of cells in the normal control group.

![Five-toe spread measurement and analysis over time. (A) Serial photographs of five-toe spread at postoperative day 60 in normal control, negative control, human Wharton's jelly mesenchymal stem cells (hWJ-MSC), and human adipocyte-derived stem cells (hADSC). After division and coaptation of the sciatic nerve, a suspension of hWJ-MSC, hADSC, or PBS negative control was added to the space created in the musculature. The same number of stem cells (5 × 10^5^) was added in both hWJ-MSC and hADSC groups at postoperative day (POD) 0. There were no transection of nerves and administration of cells in the normal control group. (B) Progressive chart of the percentage of the pre-transection five-toe spread distance measured over time following division of the sciatic nerve in negative control, hWJ-MSC, and hADSC groups. The mean ± SD of the negative control, hWJ-MSC, and hADSC groups were 67.0 ± 1.4%, 86.5 ± 2.1%, and 78.2 ± 8.7%, respectively, at POD 28. The mean ± SD of the negative control, hWJ-MSC, and hADSC groups were 62.1 ± 2.9%, 82.4 ± 9.2%, and 79.5 ± 6.3%, respectively, at POD 65. The differences between mean ± SD of the hWJ-MSC and hADSC groups and the negative control were significant (*p* value \< 0.0001, one-way ANOVA; negative control vs. hWJ-MSC, *p* = 0.0001; negative control vs. hADSC, *p* = 0.0017; hWJ-MSC vs. hADSC, *p* = 0.0033; Tukey's test). The average five-toe spread in the normal mouse group was 9.911 ± 0.04832 mm.](10.1177_0963689719880543-fig1){#fig1-0963689719880543}

![Video gait analysis and measurement of gait angles. (A) Photographs of mouse gait angles at the toe-off phase of the gait cycle at 236 days postoperatively in normal control, negative control, hWJ-MSC, and hADSC. The same number of stem cells (5 × 10^5^) was added in both hWJ-MSC and hADSC groups at postoperative day 0. (B) Angles were measured in the negative control, hWJ-MSC, and hADSC groups for up to 293 days following transection surgery. The mean ± SD of the negative control, hWJ-MSC, and hADSC groups were 68.9 ± 3.4°, 68.0 ± 5.8°, and 65.5 ± 10.6°, respectively, at POD 7. The mean ± SD of the negative control, hWJ-MSC, and hADSC groups were 59.1 ± 10.8°, 92.4 ± 20.6°, and 77.5 ± 10.3°, respectively, at POD 44. The mean ± SD of the negative control, hWJ-MSC, and hADSC groups were 58.5 ± 9.3°, 106.8 ± 14.9°, and 82.8 ± 6.4°, respectively, at POD 236. Comparison of mean ± SD of the negative control with hWJ-MSC and hADSC groups showed a significant difference (*p* = 0.0008, one-way ANOVA; negative control vs. hWJ-MSC, *p* = 0.0030; negative control vs. hADSC, *p* = 0.0048; hWJ-MSC vs. hADSC, *p* = 0.0149; Tukey's test). The average angle of the normal mouse group was 128.0° ± 0.8376°.](10.1177_0963689719880543-fig2){#fig2-0963689719880543}

Methods to Assess Functional Recovery {#section7-0963689719880543}
-------------------------------------

### Five-toe spread analysis {#section8-0963689719880543}

The recovery of the five-toe reflex of mice after nerve transection is a sensitive indicator of intrinsic muscle recovery^[@bibr32-0963689719880543],[@bibr33-0963689719880543]^. Five-toe spread measurements were taken and recorded every week. The distance between the first and last toe was measured using calibrated calipers. Four replicate recordings were made for each mouse and the average score was used. Each five-toe spread distance measurement was expressed as a percentage of the pre-transection distance to monitor recovery. The distance was plotted against time and the greater the toe spread distance, the better the nerve recovery.

### Video gait angle analysis {#section9-0963689719880543}

The regeneration of peripheral nerves affects the innervation and maintenance of muscle bulk that permits normal gait. In particular, the sciatic nerve innervates a large volume of muscle that controls movement at the ankle level. Therefore, the ankle movements of the mice during walking are affected during recovery. At various gait phases, the ankle angles created are indicative of the isometric force generated to lift the mouse's body weight off the floor^[@bibr34-0963689719880543]^. There are four main stages of the mouse gait cycle: foot on ground, midstance, toe-off phase, and the mid-swing phase. The angles measured during the toe-off phase have been shown to correlate with muscle strength and sciatic nerve recovery.

A walking track apparatus was used to guide the mice and a 60 Hz digital image camera was used to record the gait motion. The recording was then repeated for four attempts at walking; the ankle angles were measured for each and the average calculated.

Stereographic Analysis of Cross-Sectional Nerve Recovery {#section10-0963689719880543}
--------------------------------------------------------

Cross-sectional staining of axons with toluidine blue and examination under a microscope allows for accurate analysis of the degree of axonal regrowth. The ratio of axon diameter to nerve fiber diameter (g-ratio) is an indicator of the quality of regrowth of regenerated axons and their ability to conduct an electric signal. The operated sciatic nerve was evaluated at a fixed distance of 7 mm distal to the point of initial repair. This segment of nerve was then further subdivided at the halfway mark (3.5 mm). The nerves were then stained with toluidine blue and divided into ultrathin 60-nm sections, poststained with lead citrate and uranyl acetate and examined under a light microscope^[@bibr35-0963689719880543],[@bibr36-0963689719880543]^. Stereographic analysis of the sciatic nerve sections was then performed to document the density of axons, and the g-ratio.

Real-Time Polymerase Chain Reaction (qPCR) {#section11-0963689719880543}
------------------------------------------

hWJ-MSC and hADSC were cultured and mRNA was extracted and converted to complementary DNA (cDNA). The mRNA expression was analyzed with TaqMan gene expression assays (Thermo Fisher Scientific). To examine for neurotrophic growth factors, brain-derived neurotrophic growth factor (BDNF: Hs02718934_s1), glial-derived neurotrophic factor (GDNF: Hs01931883_s1), neurotrophic growth factor (NGF: Hs00171458_m1), and neurotrophic factor 3 (NT-3: Hs00267375_s1) mRNA levels were quantified using qPCR. The neurotrophic factor expression in this study was normalized to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH: Hs02786624_g1).

Statistical Analysis {#section12-0963689719880543}
--------------------

Data were expressed as mean ± SD and the significance of differences between groups was evaluated using the two-tailed Student's *t*-test. The differences between mouse groups for five-toe spread and gait analysis were calculated by one-way analysis of variance (ANOVA) using SPSS 17.0 (SPSS Inc., Chicago, IL, USA) with post hoc analysis by Tukey's multiple comparisons test. A *p* value of \<0.05 was considered significant.

Results {#section13-0963689719880543}
=======

hWJ-MSC Accelerate Functional Recovery of the Five-Toe Spread Reflex {#section14-0963689719880543}
--------------------------------------------------------------------

To evaluate the potential effect of hWJ-MSC on mouse peripheral nerve recovery, we analyzed the five-toe spread distance, a sensitive indicator of intrinsic muscle recovery^[@bibr32-0963689719880543],[@bibr33-0963689719880543]^. At postoperative day (POD) 60, the hWJ-MSC group and the hADSC groups showed full abduction of the toes, almost similar to the normal five-toe spread ([Fig. 1A](#fig1-0963689719880543){ref-type="fig"}). However, the feet of the negative control group remained in a clawed position secondary to contracture of the small muscles of the foot.

The hindlimb recovery curves of both MSC groups were significantly improved compared with that of the negative control ([Fig. 1B](#fig1-0963689719880543){ref-type="fig"}). The hWJ-MSC group exhibited significantly better functional recovery than the positive control hADSC group as assessed by five-toe spread analysis. The hWJ-MSC group reached 86.5 ± 2.1% of the preoperative distance within 28 days, compared with the negative control and hADSC groups that reached 67.0 ± 1.4% and 78.2 ± 8.7% of the preoperative distance, respectively. The negative control, hWJ-MSC, and hADSC groups showed 62.1 ± 2.9%, 82.4 ± 9.2%, and 79.5 ± 6.3%, respectively, at POD 65. The percentages (mean ± SD) of the pre-transection five-toe spread distance measured over time between the three groups are shown in Supplementary Table 1. The hWJ-MSC group maintained their five-toe spread distance because of quicker reinnervation compared with the negative control. Subsequent contracture of the small muscles of the foot was the main cause for the reduction in the spread distance.

hWJ-MSC Restore Normal Gait Stance and Movement {#section15-0963689719880543}
-----------------------------------------------

The stage 3 toe-off gait phase has been shown to correlate most strongly with sciatic nerve recovery^[@bibr34-0963689719880543]^. The mouse requires adequate muscle recovery to generate enough strength to lift off. Measurement of the ankle angles can determine the degree of muscle and nerve recovery: the larger the angle, the better the muscle recovery. Ankle angles eventually reduce in amplitude because of contracture formation. At POD 236, the photograph in Fig. [2A](#fig2-0963689719880543){ref-type="fig"} of the normal group shows the normal large ankle angle that is only present with a fully intact sciatic nerve. The ankle angle seen in the negative control group was the smallest because of the lack of full sciatic nerve recovery. The hWJ-MSC and hADSC groups both demonstrated larger ankle angles than the negative control group, which were close to the ankle angles seen in normal mice.

At POD 7, there was a sharp initial decrease (negative control: 68.9 ± 3.4°, hWJ-MSC: 68.0 ± 5.8°, and hADSC: 65.5 ± 10.6°) in the angles measured because of the loss of innervation of the flexor muscles, indicating that plantar flexion is not possible after nerve division. The negative control, hWJ-MSC, and hADSC groups showed 58.5 ± 9.3°, 106.8 ± 14.9°, and 82.8 ± 6.4°, respectively, at POD 236. The gait angles (mean ± SD) measured over time between negative control, hWJ-MSC, and hADSC groups are shown in Supplementary Table 2. Throughout the follow-up period, the negative control group showed persistently low angles that did not generate enough muscle force to lift the mouse's body weight. The hWJ-MSC group exhibited significantly better functional recovery than the negative control and hADSC groups as assessed by gait angle analysis. The hWJ-MSC group displayed a gradual but steady rise in the angles measured during the toe-off phase, which was indicative of muscle reinnervation and preservation of muscle bulk and strength ([Fig. 2B](#fig2-0963689719880543){ref-type="fig"}).

The results from this measurement demonstrated that the hWJ-MSC group showed significant acceleration of the recovery and maintenance of the muscles responsible for gait, which was not seen in the negative control group within the same time period.

Higher Doses of hWJ-MSC Promote an Enhanced Level of Peripheral Nerve Recovery {#section16-0963689719880543}
------------------------------------------------------------------------------

Because the five-toe spread and gait stance analyses indicated that the hWJ-MSC group exhibited better functional recovery than the hADSC group, we next evaluated whether the efficacy of peripheral nerve recovery was dependent on the dose of hWJ-MSC. Three different groups of mice had varying numbers of hWJ-MSC added to the site of sciatic nerve repair. The three groups received low, medium, and high numbers of hWJ-MSC (1 × 10^5^, 5 × 10^5^, and 10 × 10^5^, respectively). The five-toe spread distance in each group was then measured over time to determine whether a higher dose of cells increased the rate of nerve regeneration. At POD 21, the negative control, hWJ-MSC-L, hWJ-MSC-M, and hWJ-MSC-H groups showed 75.6 ± 6.6%, 81.1 ± 14.7%, 86.0 ± 9.7%, and 91.9 ± 4.8%, respectively. The negative control, hWJ-MSC-L, hWJ-MSC-M, and hWJ-MSC-H groups showed 59.0 ± 10.8%, 83.1 ± 14.3%, 84.1 ± 9.9%, and 91.8 ± 6.3%, respectively, at POD 76. The percentages (mean ± SD) of the pre-transection five-toe spread distance measured over time between the four groups are shown in Supplementary Table 3. All three doses produced a significantly quicker restoration of the five-toe spread distance than that seen in the negative control. The group that received the highest dose of hWJ-MSC showed a significantly increased five-toe spread distance compared with the medium- and low-dose groups ([Fig. 3](#fig3-0963689719880543){ref-type="fig"}).

![Five-toe spread measurements in mice receiving various doses of hWJ-MSC. (A) Serial photographs of five-toe spread at postoperative day 76 in normal control, negative control, hWJ-MSC-L (1 × 10^5^ cells), hWJ-MSC-M (5 × 10^5^ cells) and hWJ-MSC-H (10 × 10^5^ cells) groups (where suffixes --L, -M, and --H mean low, medium, and high numbers of hWJ-MSC, respectively). (B) Five-toe spread measurements for hWJ-MSC-L, hWJ-MSC-M, and hWJ-MSC-H groups. The mean ± SD of the negative control, hWJ-MSC-L, hWJ-MSC-M, and hWJ-MSC-H groups were 75.6 ± 6.6%, 81.1 ± 14.7%, 86.0 ± 9.7%, and 91.9 ± 4.8%, respectively, at POD 21. The mean ± SD of the negative control, hWJ-MSC-L, hWJ-MSC-M, and hWJ-MSC-H groups were 71.2 ± 9.4%, 83.5 ± 14.0%, 83.4 ± 10.7%, and 93.6 ± 8.0%, respectively, at POD 50. The mean ± SD of the negative control, hWJ-MSC-L, hWJ-MSC-M, and hWJ-MSC-H groups were 59.0 ± 10.8%, 83.1 ± 14.3%, 84.1 ± 9.9%, and 91.8 ± 6.3%, respectively, at POD 76. The statistical comparison of mean ± SD of the negative control group with the other groups showed a significant difference (*p* = 0.0047, one-way ANOVA; negative control vs. hWJ-MSC-M, *p* = 0.0291; negative control vs. hWJ-MSC-H, *p* = 0.0242; hWJ-MSC-L vs. hWJ-MSC-H, *p* = 0.011; Tukey's test). The average five-toe spread in the normal mouse group was 9.911 ± 0.04832 mm.](10.1177_0963689719880543-fig3){#fig3-0963689719880543}

hWJ-MSC Improve the Quality of Axonal Regeneration {#section17-0963689719880543}
--------------------------------------------------

Quantitative stereographical histological analysis of the quality of peripheral nerve regeneration was performed to confirm the above findings. Direct examination of sciatic nerve axonal regeneration in each group of mice was performed 1 year postoperatively using toluidine blue staining. The histological structures of axons and nerve fibers are shown in [Fig. 4A](#fig4-0963689719880543){ref-type="fig"}. The hWJ-MSC and hADSC groups showed an overall greater density of axons compared with the negative control. In the proximal section of the regenerated nerve, axons were generally larger in size compared with the smaller axons in the distal end, which represent newly regenerated axons. The distal-section axons were greater in number and more evenly distributed throughout the cross-section of the nerve in both hWJ-MSC and hADSC groups than in the negative control group ([Figs 4A--4E](#fig4-0963689719880543){ref-type="fig"}).

![Stereographic analysis of sciatic nerves from hWJ-MSC, hADSC, negative control, and normal control groups. (A) Microscopic examination of cross-sectional, toluidine blue-stained proximal and distal sciatic nerve ends from all four groups at postoperative day 360. The same number of stem cells (5 × 10^5^) was added in both hWJ-MSC and hADSC groups at postoperative day 0. The red arrow represents the perineurium. The photographs below show the histological structures of nerve fiber, axon, and myelin. Proximal-end total axon count (B) and total axonal area (C). The mean ± SD of the normal control, negative control, hWJ-MSC, and hADSC groups were 2660 ± 142.7, 2848 ± 443.4, 3021 ± 336.9, and 2798 ± 311.2, respectively, for the proximal-end total axon counts. The mean ± SD of the normal control, negative control, hWJ-MSC, and hADSC groups were 241337 ± 35452, 313594 ± 63821, 333740 ± 26457, and 338537 ± 56189, respectively, for the proximal-end total axonal area (µm)^2^. Distal-end total axon count (D) and total axonal area (E). The mean ± SD of the normal control, negative control, hWJ-MSC, and hADSC groups were 2448 ± 259.6, 729.9 ± 163.8, 2875 ± 451.5, and 2769 ± 413.3, respectively, for the distal-end total axon counts. The mean ± SD of the normal control, negative control, hWJ-MSC, and hADSC groups were 174369 ± 19047, 68113 ± 22278, 263644 ± 73357, and 213500 ± 26312, respectively, for the distal-end total axonal area (µm)^2^. (F, G) The g-ratio comparing the proximal (F) and distal (G) sections of regenerated sciatic nerves in the four groups. The statistical comparison of mean ± SD of the negative control group with the other groups showed a significant difference (*p* \< 0.005, Student's *t*-test).](10.1177_0963689719880543-fig4){#fig4-0963689719880543}

In the section of the regenerated sciatic nerve proximal to the transection, where ingrowth of axons is expected to be normal with intact architecture and substance of the peripheral nerve, the total axon count and total axonal area were similar in hWJ-MSC, hADSC, negative and normal control groups after 1 year ([Figs 4B and 4C](#fig4-0963689719880543){ref-type="fig"}). However, there were a significantly greater number of axons and a greater total axonal surface area in the distal end of the sciatic nerve of the hWJ-MSC, hADSC, and normal group compared with that in the distal end of the negative control group ([Figs 4D and 4E](#fig4-0963689719880543){ref-type="fig"}).

The g-ratio evaluates the amount of myelination in relation to axon diameter, which in turn, can be used to assess the degree of nerve regeneration. It provides a method of evaluating nerve conduction velocity and fiber morphology during peripheral nerve regeneration. The g-ratio is somewhat higher (i.e., relatively thinner myelin) for small myelinated axons but generally varies between 0.5 and 0.8 for all fibers^[@bibr37-0963689719880543][@bibr38-0963689719880543][@bibr39-0963689719880543][@bibr40-0963689719880543][@bibr41-0963689719880543]--[@bibr42-0963689719880543]^. In the proximal area of the sciatic nerve, the g-ratio across all groups was 0.74--0.80, indicating similar regeneration. In the distal area, hADSC (0.72 ± 0.01) and hWJ-MSC (0.79 ± 0.01) groups both had higher g-ratios than the negative control (0.59 ± 0.01) ([Figs 4F and 4G](#fig4-0963689719880543){ref-type="fig"}).

hWJ-MSC Appear to have no Adverse Effects in Mice {#section18-0963689719880543}
-------------------------------------------------

The mice in each group were followed up for 1 year to examine the systemic and long-term effects of hWJ-MSC. hWJ-MSC and hADSC groups maintained 78.1 ± 13.1% and 69.3 ± 8.1%, respectively, of the pre-transection five-toe spread distance, which was significantly higher than the 46.4 ± 5.6% seen in the negative control group at postoperative day 360. The percentages (mean ± SD) of the pre-transection five-toe spread distance measured over 1 year between the three groups are shown in Supplementary Table 4. Long-term observation indicated that hWJ-MSC resulted in significantly better hindlimb recovery of five-toe spread than hADSC ([Fig. 5A](#fig5-0963689719880543){ref-type="fig"}). All mice displayed normal behavior and were feeding as normal. One year after surgery, mice were sacrificed and the area of cell application was examined macroscopically ([Fig. 5B](#fig5-0963689719880543){ref-type="fig"}). The photographs show that anatomical structures were maintained with no abnormalities or growths detected in hWJ-MSC, hADSC, negative, and normal control groups. Hematoxylin and eosin staining of the major organs of heart, liver, intestine, kidney, and spleen was also performed to look for any microscopic abnormalities or disruption to regular cellular architecture. Only a small number of infiltrating inflammatory cells were observed in some organs. There was no evidence of any invasive tumors or abnormal cellular growths in all groups ([Fig. 5C](#fig5-0963689719880543){ref-type="fig"}).

![Long-term five-toe spread measurements and safety analysis of hWJ-MSC in mice. (A) Serial measurements of five-toe spread distances in hWJ-MSC, hADSC, and negative control groups after 1 year. The same number of stem cells (5 × 10^5^) was added in both hWJ-MSC and hADSC groups at postoperative day 0. The mean ± SD of the negative control, hWJ-MSC, and hADSC groups were 62.1 ± 2.9%, 84.4 ± 5.3%, and 79.5 ± 6.3%, respectively, at POD 65. The mean ± SD of the negative control, hWJ-MSC, and hADSC groups were 46.3 ± 5.1%, 79.7 ± 13.9%, and 75.8 ± 7.3%, respectively, at POD 204. The mean ± SD of the negative control, hWJ-MSC, and hADSC groups were 46.4 ± 5.6%, 78.1 ± 13.1%, and 69.3 ± 8.1%, respectively, at POD 360. The difference between mean ± SD of the hWJ-MSC and hADSC groups and negative control was significant (*p* value \< 0.0001, one-way ANOVA; negative control vs. hWJ-MSC, *p* \< 0.0001; negative control vs. hADSC, *p* \< 0.0001; hWJ-MSC vs. hADSC, *p* = 0.0003; Tukey's test). The average five-toe spread in the normal mouse group was 9.911 ± 0.04832 mm. (B) Macroscopic appearance of the sciatic nerve and site of cell therapy after 1 year in normal control, negative control, hWJ-MSC, and hADSC groups. The red arrow represents the site of surgical repair. Normal control group represents the normal appearance of the sciatic nerve without nerve anastomotic repair and cell administration. (C) Hematoxylin and eosin staining of various organs from all four groups, demonstrating regular architecture and no abnormal growths. The data were collected from five mice in each group.](10.1177_0963689719880543-fig5){#fig5-0963689719880543}

hWJ-MSC Accelerate and Improve Peripheral Nerve Regeneration and may be Associated with Increased Levels of NT-3, BDNF and GDNF {#section19-0963689719880543}
-------------------------------------------------------------------------------------------------------------------------------

Neurotrophic factors such as NT-3, BDNF, NGF, and GDNF are involved in the repair of peripheral nerves^[@bibr30-0963689719880543]^. These molecules exert their effects on nearby structures and peripheral nerves through a paracrine route. To determine whether there were differences in neurotrophic factor expression that could be responsible for the above findings, we analyzed the expression of mRNA for NT-3, BDNF, NGF, and GDNF in hWJ-MSC and hADSC. hWJ-MSC expressed higher levels of NT-3, BDNF, and GDNF mRNA compared with hADSC ([Fig. 6](#fig6-0963689719880543){ref-type="fig"}).

![Quantification of hWJ-MSC-derived neurotrophic factor expression. The expression of mRNA for neurotrophic factors such as neurotrophic factor 3 (NT-3), brain-derived neurotrophic factor (BDNF), neurotrophic growth factor (NGF), and glial-derived neurotrophic factor (GDNF) in hWJ-MSC and hADSC was quantified using qPCR. The neurotrophic factor expression was normalized to that of GAPDH. The relative fold changes (mean ± SD) of hWJ-MSC and hADSC groups were 161.9 ± 13.3 and 1.0 ± 0.1, respectively, for NT-3 expression. The relative fold changes (mean ± SD) of hWJ-MSC and hADSC groups were 14.2 ± 0.5 and 1.0 ± 0.1, respectively, for BDNF expression. The relative fold changes (mean ± SD) of hWJ-MSC and hADSC groups were 0.4 ± 0.1 and 1.0 ± 0.1, respectively, for NGF expression. The relative fold changes (mean ± SD) of hWJ-MSC and hADSC groups were 7.7 ± 0.7 and 1.0 ± 0.1, respectively, for GDNF expression. The difference between mean ± SD of the hWJ-MSC and hADSC groups was significant (*p* \< 0.005, Student's *t*-test).](10.1177_0963689719880543-fig6){#fig6-0963689719880543}

Discussion {#section20-0963689719880543}
==========

This study showed that the application of hWJ-MSC to transected and repaired sciatic nerves of mice can have profound effects on improving and maintaining well-regenerated peripheral nerve substance. Functionally, preservation of the five-toe spread distance was seen in the hWJ-MSC group but not in the negative control group. Gait strength and posture were also better maintained in the hWJ-MSC group than in the positive control hADSC group, and were much better than in the negative control group. We observed that when a higher number of hWJ-MSC were added to the transected area, recovery and maintenance of intrinsic muscle function, as evidenced by five-toe spread distances, were also improved. Nerves of better quality were seen in the hWJ-MSC group as demonstrated by fibers with greater numbers of myelinated conducting axons in the distal portion of the regenerated sciatic nerve compared with those of the negative control group. No evidence of local or systemic disruption at the cellular level was seen in the hWJ-MSC group. No aggressive or excessive presence of inflammatory cells in the major organs of the mice was seen after 1 year of operation. A higher level of expression of mRNA for neurotrophic factors NT-3, BDNF, and GDNF was seen in hWJ-MSC compared with hADSC. This group of growth factors has been proven to increase the growth and differentiation of new axons and synapses through a chemoattractant mechanism^[@bibr43-0963689719880543]^. They act on the dorsal root ganglions and also promote their survival. The significant increase in expression of these growth factors may be why hWJ-MSC are particularly suited for promotion of peripheral nerve regeneration. In the present study, topically applied hWJ-MSC displayed better nerve regenerative properties than hADSC for transected mouse sciatic nerves.

Although the expression of mRNA for NT-3, BDNF, and GDNF in hWJ-MSC was much higher than in hADSC, the functional recovery of the transected sciatic nerve is only slightly better in the hWJ-MSC group. A possible reason for this, despite a significantly higher level of mRNA neurotrophic factor expression, could be the lack of translation of mRNA to protein levels which actually exert their effect. As such, clinical recovery may not be reflected to the same degree as mRNA levels. Also, the clinical recovery of peripheral nerves may be influenced by a host of other factors and not just the level of neurotrophic factor expression.

Several studies have suggested the possibility of differentiating hWJ-MSC into a neural conduit^[@bibr44-0963689719880543][@bibr45-0963689719880543][@bibr46-0963689719880543]--[@bibr47-0963689719880543]^ to act as a substitute for nerve gaps but none have examined their direct effects on nerve regeneration in a simple transection model mimicking a situation commonly encountered in clinical practice. Nerve gaps occur when a segment of nerve is missing. Previous reports have described the use of hWJ-MSC seeded in nerve scaffolding made of various materials. The effect of direct addition of hWJ-MSC as used in the present study and the paracrine function of their secretion of neurotrophic growth factors make this a convenient option, in which hWJ-MSC can be directly applied as an adjunct to surgical repair of transected peripheral nerves.

Topical application of various types of multipotent stem cells to transected peripheral nerves has been reported previously. The use of bone marrow stromal cells^[@bibr48-0963689719880543],[@bibr49-0963689719880543]^, ADSC^[@bibr50-0963689719880543]^, and neural crest cells differentiated from stem cell precursors has been reported as a topical form of cell therapy in peripheral nerve regeneration. However, variable degrees of success have been reported in animal models, and the various sources of cells may not be easily obtained. hWJ-MSC are easily obtained from the umbilical cord of fetuses and can be banked^[@bibr51-0963689719880543]^.

The levels of immunogenicity are also crucial in ensuring the survival of cells and the establishment of a cell bank for cell therapy. hWJ-MSC have been shown to be negative for major histocompatibility complex class (MHC) II and possess a low expression of MHC class I^[@bibr24-0963689719880543],[@bibr25-0963689719880543]^. Harvesting a patient's own cells and processing them for autologous transfer can be tedious and increases the cost of therapy. Because hWJ-MSC have low immunogenicity, they may be transferred from one person to another; therefore, a cell bank can be established and applied when required. This may be a more direct method of clinical application, and suggest that hWJ-MSC are feasible for use as an allogeneic cell bank that can be used readily for cell therapy.

hWJ-MSC have also been shown to be able to differentiate to Schwann-like cells that can contribute to peripheral nerve regeneration^[@bibr46-0963689719880543]^. The secretion of neurotrophic factors such as BDNF, NGF, and NT-3 can accelerate and trigger axonal regrowth, which may contribute to accelerated nerve repair. The low immunogenicity of hWJ-MSC makes them a potentially clinically applicable form of cell therapy for enhancing nerve regeneration. hWJ-MSC are derived from fetal umbilical cords that are normally discarded and that contain a high number of multipotent stem cells. Their availability and the potency of such multipotent stem cells make umbilical cords a convenient source for a cell bank. Indeed, in this study examining the effects of hWJ-MSC on transected peripheral nerve regeneration in mice, we showed that as few as 5 × 10^5^ hWJ-MSC are required for nerve regeneration, which makes them relatively more potent than other types of MSC. Thus, hWJ-MSC not only exert immunomodulatory effects to allow allograft survival^[@bibr52-0963689719880543],[@bibr53-0963689719880543]^, they also accelerate peripheral nerve recovery and regeneration. Topical administration of hWJ-MSC bound to a delivery agent such as hydrogel may even provide sustained therapeutic effects with localized delivery of cells to the affected area. In vascularized composite allotransplantation, which is the current method for replacing limbs or faces like-for-like, two challenges remain, namely allograft rejection and nerve regeneration. For example, for a transplanted limb to be useful, its functional recovery must be ensured in addition to overcoming the rejection issue. Thus, recovery of the peripheral nerves is key to improving the function of transplanted limbs, and local delivery of hWJ-MSC therapies may provide hope for promoting peripheral nerve regeneration in the allotransplanted functional limb.
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